A protocol was developed for the efficient production and regeneration of Clostridium perfringens protoplasts. Cell wall regeneration frequencies of up to 5% were obtained.
The development of a protoplast-based transformation system for the clostridia is a relatively recent phenomenon (7, 11) . Heefner et al. (7) described procedures for polyethylene glycol-mediated transformation of Clostridium perfringens 11268 CDR L-phase variants or autoplasts with a large (38.8-kilobase) tetracycline-resistance plasmid designated pJU124. Although transformable at a frequency of 102 transformants per gig of DNA, L-phase variants of C. perfringens did not revert to walled rods. Autoplasts (50 to 90%) produced after overnight incubation of an exponential-phase culture in osmotically stabilized medium were reported to be transformable and able to revert to the walled state. The frequency of reversion, however, was not determined.
The objective of the present study was to investigate conditions for the optimal production and regeneration of C.
perfringens protoplasts to develop a more efficient plasmid transformation system for this microorganism. The strain utilized was C. perfringens ATCC 3626B. Cells were grown at 37°C in modified fluid thioglycolate medium (mFTM) containing: (in grams per liter): Casitone (Difco Laboratories, Detroit, Mich.), 15; yeast extract, 5; glucose, 5.5; NaCl, 2.5; L-Cystine, 0,5; and sodium thioglycolate, 0.5. C. perfringens regeneration medium (PRM) consisted of mFTM supplemented with (in grams per liter): gelatin, 50; MgCl2, 5.1; CaCl2, 3.7 ; and Bacto-Agar (Difco), 25. When added, bovine serum albumin (BSA) was incorporated into PRM plates at 8 g/liter. All reagents and growth medium components were obtained from Sigma Chemical Co., St. Louis, Mo. or from Difco Laboratories. Growth on agar medium took place under anaerobic conditions (85% N2, 10% C02, 5% H2) in an anaerobic chamber (Coy Laboratory Products, Inc., Ann Arbor, Mich.).
The effect of growth in mFTM with and without added glycine (0.4%, wt/vol) on protoplast formation was determined by adding exponential-phase cells (3 to 3.5 h of growth; ca. 108 cells per ml) to osmotic stabilizing solution (mFTM plus 50 mM Tris hydrochloride and 0.5 M sucrose, pH 7.0) containing lysozyme (1 mg/ml). The number of protoplasts formed over time increased when the cells were grown in the presence of glycine, almost 90% protoplasts being formed in 1 h (Fig. 1 ). This result is in good agreement with that of Allcock et al. (2) , who showed the enhancement of C. acetobutylicum P262 protoplast formation by glycine. The effect of added glycine in mFTM on C. perfringens cell lysis in Tris hydrochloride (50 mM, pH 7.4) was also examined. The extent of cell lysis of mFTM-grown cells treated with lysozyme was 24% after 30 min, compared with 50% when the cells were cultivated in mFTM containing * Corresponding author. 0.4% glycine. These results suggest that growth in the presence of glycine exerts a destabilizing effect on the C. perfringens cell wall. As a result of a weakened cell wall, degradation by lysozyme is more efficient (6), although the protoplasts/protoplasts plus rods x 100. Standard error was based on the mean of duplicate determinations. The effect of various modifications to PRM and osmotically stabilized jprotoplast production menstruum on the cell wall regeneration frequency of C. perfringens 3626B can be seen in Table 2 . The elimination of gelatin from PRM resulted in a dramatic (ca. 17-fold) increase in regeneration frequency (Table 2 , experiments 1, 2, and 3). Although in contrast to the situation in other bacilli (5, (14) (15) (16) , this result is in agreement with that of Minton and Mom's (12) , who found that the inclusion of even a small amount of gelatin (0.5%) in the regeneration medium caused a 60% reduction in the reversion frequency of C. pasteurianum protoplasts. Recently, Knowlton et al. (9) demonstrated that cell wall regeneration in C. tertium was unaffected by a wide variation (0 to 25%) in gelatin concentration.
The combined addition of BSA and N-acetylglucosamine (NAG) accounted for an additional 100-fold increase in cell wall regeneration frequency ( To determine where in the regeneration protocol the addition of these two compounds had the most pronounced effect on cell wall regeneration, the additions of BSA and NAG were independently varied. When compared to a baseline control containing no added BSA or NAG, NAG added to the dilution buffer stimulated protoplast regeneration by sixfold, whereas NAG added only after lysozyme treatment did not cause an improvement in the regeneration frequency. These results suggest that NAG acts primarily as a precursor in C. perfringens cell wall biosynthesis. BSA added to PRM plates caused an additional 60% increase in regeneration frequency, whereas no such improvement was seen when BSA was added independently to the protoplast production menstruum. Interestingly, addition of NAG and BSA (Table 2 , experiment 4) resulted in a more than additive effect on regeneration frequency, suggesting a synergistic stimulatory reponse of these compounds.
The role of CaCl2 and MgCI2 on the cell wall reversion of C. perfringens protoplasts was examined by omitting these compounds from PRM plates. This resulted in a fourfold decrease in regeneration frequency, in agreement with results obtained with other microorganisms (2, (15) (16) (17) . The best cell wall regeneration frequencies were obtained when 25 mM CaC12 and MgCl2 were added to the regeneration medium, the protoplast production menstruum, and the dilution buffer. In contrast with other systems (1, 5) , softagar overlay of PRM plates had a negative effect on the regeneration frequency of C. perfringens protoplasts ( Table  2 , experiment 5). It is not entirely clear why this occurred, although gas production by colonies made enumeration difficult.
The cell wall regeneration protocol developed for C. perfringens compares favorably with procedures developed for other clostridia (9, 12, 18) , yielding up to 5% regeneration frequency. Recently, it was reported (P. Rogers, Adv. Appl. Microbiol., in press) that regeneration of C. acetobutylicum lysozyme-produced protoplasts was about 1 to 5% of the original input cells when the procedure of Allcock et al. (2) is used. The techniques described herein are currently being used to transform C. perfringens with the pHB101 nonconjugative Cas+ plasmid (4) .
